Abstract Auxetic materials exhibit uncommon behaviour, i.e. they will shrink (expand) laterally under compression (tension). This novel feature has attracted intense research interest. However, most of previous works focus on auxetic behaviour in either compression or tension. Most of the auxetic materials are not symmetric in tension and compression under large deformation. Studies on the auxetic performance of metamaterials both in compression and tension are important but rare. As an extension of our previous research on compressive auxetic performance of 3D metallic auxetic metamaterials, numerical simulations were carried out to investigate the auxetic and other mechanical properties of the 3D metallic auxetic metamaterials in tension. The preliminary results indicated that the designed 3D metallic auxetic metamaterials exhibited better auxetic performance in compression than in tension. By increasing a pattern scale factor, auxetic performance of the 3D metallic auxetic metamaterials under tension can be improved. With proper adjustment of the pattern scale factor, an approximately symmetric auxetic performance could be achieved in compression and tension.
Introduction
The majority of naturally occurring materials have a positive Poisson's ratio, that is to say, they become fatter when compressed and thinner when stretched. The materials with negative Poisson's ratio (NPR) exhibit the counter-intuitive behaviour, i.e. they will shrink (expand) under compression (tension). These materials have been termed as "auxetic materials" or "auxetics" ever since Evans et al. [1] started. Because of this unusual behaviour, auxetic materials are superior to most conventional materials in certain aspects, e.g. indentation resistance [2, 3] , shear resistance [4] , energy absorption [5, 6] , synclastic behaviour [7] , improved resilience [7] , fracture toughness [8] , vibration control [9] and acoustic absorption [10] .
Significant research on auxetic materials can date back to 1987 when Lakes [7] reported a novel foam with NPR behaviour. Since then, considerable studies have been conducted on auxetic materials both theoretically [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and experimentally [21, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Limited by the fabrication techniques, few designs of 3D auxetic material were developed to the stage of practical applications [34] . The major disadvantage of most existing auxetic materials was the small effective strain range for auxetic behaviour, i.e. less than 0.1 in the design of Bückmann et al. [23] . The effective auxetic strain range was then extended to 0.3 by Babaee et al. [35] through proposing a novel design of "buckliball" as the building cell. However, the base material used for their model was siliconebased rubber, which resulted in a relative weak mechanical performance for their design.
Auxetic metamaterials are synthetic materials with microstructures display NPR behaviour in deformation. Unlike elastic auxetic metamaterials, metallic auxetic metamaterials have the features inhered from metals, i.e. localization of plastic strain, strain hardening, and irreversible deformation etc. More importantly, metallic metamaterials are normally stronger than those made of elastomers. Hence metallic auxetic metamaterials are more likely to be used for protective structures and materials.
Friis et al. [36] reported the first auxetic copper foam in 1988. Several studies [37] [38] [39] [40] were also conducted on metallic auxetic materials and structures. Using finite element (FE) method, Dirrenberger et al. [41] found that auxetic effect could remain or become even more obvious with plastic yielding. But their conclusion was lack of experimental validation.
Using a new method of generating metallic auxetic metamaterials based on buckling-induced geometry, we [42] proposed a new type of 3D metallic auxetic metamaterials with periodic microstructures which were capable of exhibiting auxetic behaviour in a large compressive strain range. Although we mentioned that the newly designed 3D metallic auxetic metamaterials not only exhibited auxetic behaviour in compression but also would demonstrate auxetic behaviour in tension, this conclusion lacked solid evidence.
In this paper, we numerically investigated the auxetic and other mechanical properties of the previously designed 3D metallic auxetic metamaterials under tension using experimentally validated FE models. Combined with the previous study [42] , the mechanical properties of the 3D metallic auxetic metamaterials both in tension and compression were compared.
Designing the microstructures for 3D metallic auxetic metamaterials
The initial design of the 3D buckling-induced auxetic metamaterial is shown in Fig. 1 , where (a), (b) and (c) represent building cell, representative volume element (RVE) and buck metamaterial, respectively. The process of the novel methodology for generating 3D metallic auxetic metamaterials, proposed in our previous paper [42] , could be summarized as four main steps. Firstly, designing buckling-induced auxetic metamaterial; secondly, conducting buckling analysis of the original FE model with linear elastic base material; thirdly, identifying the desirable buckling mode; lastly, altering the geometry of the representative volume element (RVE) using the desirable buckling mode (the second mode was used in this article) and repeating the altered RVE in three axial directions to form a bulk metallic auxetic metamaterial. PSF and same numerical model was used as in [42] . The inner-most RVE with different values of PSF is shown in Fig. 2. 
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Advances of Computational Mechanics in Australia Figure 2 . Images of the inner-most RVE of the second buckling mode from buckling analysis at different PSFs (scale bar: 5 mm).
Finite element analysis

FE model for metallic auxetic metamaterials.
The FE model we used in this paper is the same as the model in our previous work [42] which was validated by experimental results. The geometry of the experimentally validated FE model is shown in Fig 3. Most of simulation setting is the same as our previous work, i.e., a bilinear elasticplastic material model was used in FE models, a Young's modulus of 87 GPa and a hardening modulus of 1.7 GPa were set for the material model. The boundary condition is slightly different from previous FE model which compressive simulations were considered. For carrying on tensile simulations, all degrees of freedom of nodes on the bottom and top surfaces of the FE models were constrained except for the nodal movements in the loading direction on the top surface. The unconstrained degree of freedom for the top surface of the FE model was allowed to move upwards. 
Comparisons of mechanical and auxetic performance in tension and compression
In order to compare auxetic and other mechanical properties of the newly designed 3D metallic auxetic metamaterials in compression and tension, FE simulations were performed to investigate the properties of the designed 3D metamaterials in tension. The FE results were then compared with the results obtained in our previous paper [42] , and the summarized results are shown in Fig 4. The pentagrams represent the corresponding effective strain range, in which, the red pentagram represents the strain that the FE model begins to densify during compression, and the blue pentagram represents the strain that the FE model fails in tension. The altered model with PSF=20% demonstrates a similar auxetic performance when the nominal strain is within the range -0.03~0.03, but the differences of auxetic performance increase when nominal strain is over the range as can be seen in Fig 4(a) . In summary, the altered FE model with PSF=20% is stronger for undergoing tension than compression as shown in Fig 4(b) . But the FE model exhibits better auxetic performance in compression than in tension, because the overall magnitude of NPR in compression is larger than that in tension.
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Parametric study on pattern scale factor (PSF)
In our previous study [42] we concluded that, changing the values of PSF could affect the auxetic performance of the newly designed 3D metallic auxetic metamaterials in compression, but the effect of PSF on the auxetic performance of this model in tension was unknown. Therefore, we carried out a parametric study by changing PSF of the FE models to investigate the tensile auxetic performance of our FE models. The values of PSF were set to 20%, 40%, 60% and 80% in this parametric study. The corresponding geometries of the RVEs for these FE models can be seen in The FE results of the parametric study for PSF are summarized in Fig 5, where the pentagrams represent corresponding effective auxetic strain range. When the value of PSF increases, the effective auxetic strain range and the magnitude of the negative Poisson's ratio in tensile deformation are improved. However, this improvement is achieved at the cost of the auxetic performance of the FE models in compression. Therefore, in order to obtain a 3D metallic auxetic metamaterial which has similar auxetic performance both in tension and compression, a proper value of PSF should be carefully chosen. As can be seen in Fig 5(a) , the auxetic performance of the
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Advances of Computational Mechanics in Australia FE model with PSF=60% is similar under tension and compression. Fig 5(b) indicates that the 3D metallic auxetic metamaterials with different values of PSF are easier to deform in compression than they are in tension within effective auxetic strain range.
Concluding remarks
As an extension of our previous study, numerical simulations using finite element analysis were carried out to investigate the auxetic performance of the designed 3D metallic auxetic metamaterials in tension. The comparisons were made for the auxetic and other mechanical properties of the designed 3D metallic auxetic metamaterial. A parametric study of adjusting the value of PSF was performed. It should be noted that all the comparisons and parametric studies were mainly based on FE results. The following conclusions could be drawn:
(1) For the 3D metallic auxetic metamaterial with PSF=20%, the auxetic performance in compression is better than that in tension. (2) By increasing the value of PSF, the tensile auxetic performance can be improved by sacrificing the compressive auxetic performance. By adjusting the value of PSF, a similar compressive and tensile auxetic performance of the 3D metallic auxetic metamaterials could be achieved (PSF≈60% for the metamaterial in the current study). (3) Generally, the designed 3D metallic auxetic metamaterials were easier to deform in compression than in tension.
